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INTRODUCTION
The European Water Framework Directive (WFD) requires compilation of information about the biological, hydromorphological and chemical status, pressures and management programmes for all European waterbodies. Sweden is a country rich in surface water, with more than 100 000 lakes of >0.01 km 2 and 118 river basins discharging to the surrounding seas. So far, the five water authorities in Sweden have defined 17 313 waterbodies for which sub-basins have been delineated, but this number is expected to increase to around 25 000 during 2010; however, the national monitoring programme is rather sparse, including only 300 hydrological gauges and some 900 sites where grab samples of nutrient concentrations are taken a few times per month. This provides little information for most waterbodies, and therefore, the Swedish Meteorological and Hydrological Institute (SMHI) was requested to deliver highresolution model data to water authorities, to support their WFD work. Modelling can be looked upon as an objective and repeatable method with which to interpolate and extrapolate knowledge in time and space between observations. The ambition is that the modelled data can be widely used by water authorities where measured data are not available for expert judgments, e.g. on characterization, establishment of environmental goals, measure planning, development of monitoring strategies and programmes of measures.
Since the early 1970s, operational flood forecasts in Sweden have been based on the HBV model (Hydrologiska Byråns Vattenbalansavdelning; Bergström 1995) . The environmental sector has additional needs, which is why a new model concept, called Hydrological Predictions for the Environment (HYPE) was developed (Lindström et al. 2010) . At present, the major environmental concern linked to water status in Sweden is eutrophication. This is also the major concern for the surrounding seas. Therefore, modelling of nitrogen (N) and phosphorus (P) concentrations was emphasized during the development of the HYPE model. In the field of hydrological science, one of the greatest challenges is how to predict hydrological variables in ungauged basins. Accordingly, this is also the focus of the Hydrological Decade 2003-2012 (Sivapalan et al. 2003) of the International Association of Hydrological Sciences (IAHS), which has resulted in several publications on the topic (e.g. McDonnell 2006 , Sivapalan et al. 2006 , Andréassian et al. 2006 , Boegh et al. 2007 , Webb et al. 2007 . This research field is also very closely connected to the question of how to predict water quality in datasparse waterbodies. Modelling of water quality in ungauged basins is presently at the research front line, as most studies still only focus on predictions of water discharge. A major challenge for predictions in ungauged basins is to estimate model coefficients and parameter values. In a process-based water quality model such values may be numerous, and the problem of equifinality (Beven 1993) arises, i.e. many different model set-ups may give similar model performance. Nationwide hydrological modelling in Sweden has traditionally been carried out using the HBV model. This model does not explicitly use soil type information, although in operational practice at the SMHI parameter regions based on proximity and physiographic information are nowadays used. It has, however, been difficult to link parameter values to catchment characteristics (Johansson 1993 , Arheimer 2006 , except for the percentage of lakes and the catchment area. In Norway, parameter regions have been used for some time in a grid-based water balance model, with parameters linked to geographical conditions (Beldring et al. 2003) . The HOST system (Boorman et al. 1995) is widely used in the United Kingdom as a way of linking hydrology to the physical characteristics of soil types. Dunn and Lilly (2001) evaluated the linking of parameter values to soil type in a hydrological model using the HOST system and found that the success of the calibrated parameters in independent basin validation depended on the processes represented by the parameter. From this it was concluded that some processes were better represented in the model and input data formulation than others; however it can also be concluded that some parameters are more linked to variations in soiltype than others. On the catchment scale, Marachal and Holman (2005) also linked physical characteristics, including both soil type and vegetation, to hydrological model parameters using the CRASH model. In Sweden, a study of groundwater recharge Rodhe et al. (2012) estimated differences in field capacity and groundwater recharge based on water balance modelling for 161 small and medium-sized catchments in Sweden. In the study, water holding characteristics for three soil types (till soils, coarse soils and fine soils) were identified. These promising results promoted the idea of coupling parameter values to physiography and thereby reducing parameter uncertainty in the large-scale application of the HYPE model.
The overall aim of this study was to evaluate a national application of the HYPE model for Sweden, called S-HYPE, which uses only readily available data. The spatial resolution is in line with what is required by the WFD, with special focus on evaluating results for the majority of the sub-basins that are ungauged. To reduce uncertainties in ungauged areas, a stepwise calibration procedure was introduced using the fact that model coefficients are linked to physiographic variables and model processes rather than to specific sites. The hypothesis is that this national model will also provide valuable information for ungauged basins within the modelled domain, even though only readily available databases and data from relatively few sites are used for calibration.
DATA AND METHODS

The HYPE model
The Hydrological Predictions for the Environment (HYPE) model (Lindström et al. 2010 ) is a recently developed integrated hydrology and water quality model. The main sources and sinks (including transformations and flow paths) of water, nitrogen and phosphorus are included in the model. The aim during the model's development was to maintain a similar level of complexity in the different parts of the model. The computer code (in FORTRAN 95) was structured so that high-resolution applications should be feasible for large areas, and so that input data and model results could be prepared and analysed using geographical information systems (GIS). The model structure is based on a multi-basin approach whereby several river basins can be modelled simultaneously, with each river basin divided into sub-basins, and each such sub-basin divided into a set of soiltype/land-use classes. In this paper, following Flügel (1995) , we refer to these classes as hydrological response units (HRUs). It is also possible to include other landscape characteristics, such as elevation or slope, in the definition of HRU, but this was not done in this application. Most model parameters are linked to either soil type or land use, but some parameters are global for the entire modelled domain of an application. The model has a vertical resolution for each HRU with a maximum of three soil layers, which can be assigned arbitrary depths (Fig. 1) . Water holding capacities (e.g. the plant available water and the total porosity) are linked to soil type. Water balance computations for each soil layer give the soil wetness within each layer, and when the largest pores begin to fill, groundwater outflow begins from the corresponding layers. The groundwater level is calculated based on the fraction of the largest pores that is filled in a layer. In agricultural soils, drainage can also take place through tile drains. In addition, other flowpaths: surface runoff, erosion and macro-pore flow, are modelled. The water outflows from all HRUs are added together and routed through rivers, lakes and regulated reservoirs, which may be specified within each sub-basin, and finally routed between the different sub-basins. Waterbodies in the river network may have individual or general rating curves, or a simple Fig. 1 Schematic figure of one sub-basin of the HYPE model with one hydrological response unit (HRU) showing fluxes and turn-over of water and nutrients in the soil, in a river system and in a lake. A sub-basin typically consists of more than one HRU, with a maximum of 49, in the S-HYPE set-up. regulation rule. In addition, each waterbody has to be assigned an area and depth in order to calculate residence times of substances.
When modelling nutrients, the main sources and sinks of N and P (e.g. fertilizers, plant residues and atmospheric deposition, denitrification and uptake by plants) are described for each HRU. Both inorganic and organic N are treated, as well as dissolved and particulate P. Nutrients follow the water flow through the model. Mass balance calculations are made for each element in each compartment, including both mobile and immobile storages. An erosion subroutine, in which sediments can be detached by either rainfall or surface runoff, is implemented for modelling the transport of particulate phosphorus. The HRUs (soiltype and land-use combinations) are defined by the modeller, and dates and amounts for fertilization, sowing and harvesting must be specified for each crop type. The model structure is the same for all land-use types (e.g. forests and agricultural areas), and the chosen parameter values determine the differences between either land-use or soil type depending on the parameter. Nutrient transformation processes in rivers and lakes include denitrification, mineralization, primary production, sedimentation and re-suspension.
The HYPE model is continuously being developed, and since the publication by Lindström et al. (2010) , the following major changes have been made: -The model estimation of the erosive effect of rainfall is improved by better description of rainfall intensities as a function of total daily precipitation and season. -The possibility of modelling the effects of buffer strips near streams and drainage ditches has been introduced for agricultural land. -Input from atmospheric deposition is spatially distributed and land-use specific.
Model input data for Sweden
The HYPE model was set up for the whole of Sweden (∼450 000 km 2 ), including parts of Norway and Finland with water discharging to Sweden, with a total number of 17 313 sub-basins. Sub-basin area ranged between <1 km 2 and >1000 km 2 (the latter including the large lakes) with an average of 28 km 2 (median = 18 km 2 ). This high spatial resolution was requested by the end users, i.e. water authorities reporting to the WFD. The basin subdivision (Fig. 2 ) was based on manually delineated watersheds covering all of Sweden and was obtained from the Swedish Water Archive (SVAR). Other input data to S-HYPE are based on readily available national databases (Table 1) .
Sweden is mainly covered by coniferous forests (Table 2 ), being part of the taiga, although there is a mountain range in the northwest with tundra. Fig. 2 Illustration of the spatial division into sub-basins in the model application (an example for south-central Sweden). The colour shows the accumulated discharge (a darker colour indicates a higher discharge). A further division into hydrological response units is made within each sub-basin. The larger sub-basins are large so as to fully contain existing lakes. • empirical data and land use
One main stream per sub-basin (see Fig. 1 ). Agricultural land is concentrated in the southern part of Sweden, where most of the inhabitants live and the climate is milder. The country has a population of nine million inhabitants with around 84% living in urban areas. Due to the region's post-glacial character, lakes are frequent and the dominant soil type is glacial till (Table 3) . The average temperature is 3 • C, with large variations between seasons, latitudes and altitudes. The precipitation is on average 500-800 mm, with extremes of 1200 mm in the southwest and up to 2000 mm in the mountains in the northwest. Most of the large rivers in northern Sweden are regulated for hydropower production, storing water from the snowmelt period for the autumn and winter. When setting up S-HYPE, fixed values for representative years or annual averages were used as input for physiographic data, emissions and agricultural practices. The dynamic forcing was obtained from daily precipitation and temperature data sets for each sub-basin.
Pre-processing and initial values
The HRUs were established in GIS by combining soil and land-use raster-data sets, and then calculating the area of each combination in each sub-basin resulting in a large number of classes. By aggregating similar classes into larger groups thought to have similar properties, the number of computational units in the model set-up was greatly reduced. Some soiltype/land-use combinations which were deemed to be unrealistic (e.g. cultivated land on shallow soils) and classes with insignificant areas were incorporated into the classes with the most similar characteristics. To further reduce the number of classes, some land-use classes were not split according to soil type (see Table 2 ). However, it was necessary to divide the forest and agricultural land-use classes into further sub-groups to represent important processes. The forest class was split into one forested and one deforested class in order to represent the portion of clearfelled forest. This division was based upon regional statistics from national inventories by the Swedish Forest Agency. Agricultural land was split into representative crop groups based on crop distribution in 18 regions in Sweden. The crop groups were formed by aggregating crops with similar characteristic in terms of growing pattern and nutrient management. The data for individual crops were weighted to calculate a mean for each crop group based on the area of each crop in the different regions. The process resulted in a total of 49 HRUs, which is thus the largest possible number of HRUs in each of the 17 313 sub-basins. Not all combinations are encountered in every sub-basin. In total, the number of response units was 203 926, giving an average of about 12 different HRUs per sub-basin. Model inputs on agricultural practices for each crop group were processed from regional statistics.
The input of inorganic and organic fertilizers to the different crop groups, and typical (fixed) sowing and harvest dates were based on an average for the years 1995 and 2005. Normally in the model application, fertilizers are applied to the soil at the time of sowing or, in the case of autumn sown crops and grassland, at the estimated start of the growing season in spring. To account for autumn spreading of organic fertilizers, this application was divided, with the second fraction applied in the autumn. For grassland, the application of fertilizer was also split in two with the second application halfway between the start and the end of the estimated growing season. Ploughing, in which nutrients in crop residues are incorporated into the soil and returned to the soil storage, was assumed to take place in the autumn 30 days after harvesting. In the case of the spring sown cereals class with spring ploughing, ploughing was estimated to occur just before sowing. Many measures to reduce nutrient leaching from arable land have been introduced on a large scale in Sweden during the last 20 years (Arheimer and Brandt 2000) . Hence, effects from catch crops and buffer strips along the edges of fields bordering to watercourses are included in the model, and the extent of these was determined from the regional statistics.
Initial values in model compartments have to be considered by the modeller. The spin-up times of most compartments in the model range from weeks to a few years of simulation time. Other storages (e.g. nutrient storages of slowly degradable organic matter) have turnover times of several decades and are more sensitive to assumptions made by modellers. For S-HYPE, data for the initial value of organic N storage in cultivated land were taken from Eriksson et al. (1997) . The corresponding initial value for storage of organic P was taken from the values used in ICECREAM simulations for calculation of leaching from Swedish agricultural soils (Johnsson et al. 2008) . The initial value of storage of inorganic phosphorus attached to soil particles was also taken from the same simulations. In forest soils the initial value of the organic N storage was taken from national averages from the National Forest Soil Inventory Database (SLU 2009), while organic P was calculated from the N content assuming the same N:P ratio as for cultivated land. The value for inorganic phosphorus comes from the Swedish Survey of Forest Soils and Vegetation for the period 1983 -1987 (SLU 2006 . These initial values of the soil nutrient storages in the model are landuse specific and do not vary with spatial location. The initial state of the model nutrient storage in large lakes was set using long-time observed averages from national monitoring programmes.
Emissions from point sources were added to specific sub-basins by combining coordinates from municipal and industrial wastewater treatment plants with sub-basin boundaries. Discharge from rural households was derived from population statistics at the municipal level minus the number of persons connected to each sewage plant. Data were transformed from municipal to sub-basin level using GIS. The level of treatment for rural household emissions was based on a recent investigation by Ryegård et al. (2006) and general per capita load coefficients. Values of atmospheric N deposition were taken from the MATCH model as an average for the years 2001-2004 from an 11-km grid. Average values were transformed from grid to sub-basin. Dry deposition is dependent on land use and was thus added to the relevant HRU or water surface as a constant load each day. Wet deposition is added as an average concentration in the precipitation.
Lake depths were taken from the SVAR database at SMHI. Since depth information is only available for a few of the lakes in Sweden, regression equations were constructed and used for 11 regions when estimating lake depth, with surface area as the most important explaining variable. Rating curves for 50 unregulated lakes were simplified for use in the HYPE model, based on observations from SMHI databases. For regulated lakes and hydropower dams, regulation volumes and average outflow were taken from the SVAR database. These were used to construct a seasonal variation (sinusoidal) around the mean value for each individual reservoir. For a few important reservoirs, a rating curve for the spillways was constructed, but for most reservoirs it was assumed that the spillway capacity would be sufficient to prevent any storage above the legally prescribed maximum storage elevation. Finally, average daily values of precipitation and temperature were computed for each sub-basin from a national 4-km grid (Johansson 2002) .
Parameter estimation and model calibration
In total, the HYPE model has many hundreds of rate coefficients, constants and parameters (described by Lindström et al., 2010) , which in theory could be adjusted. Most of these, however, were estimated from literature values and from previous modelling experiences (e.g. Arheimer and Brandt 1998 , Pettersson et al. 2001 , Andersson et al. 2005 , Rosberg and Arheimer 2007 ). Yet, about 15 parameters for each land-use and soil type, and another 10 global parameters were calibrated. To sum up, these often reflect water holding characteristics, flow paths, recession rates, nutrient turnover and sinks. Calibration of the model was carried out manually, following a stepwise approach, which included identification of key parameters and making use of different calibration criteria for different parameters. The idea is to follow the way water and nutrients are moving through the landscape (Fig. 3) and fix coefficients where data are available for a specific process or segment of processes. The reason for this is to reduce the problem of equifinality of the final model output. Moreover, the calibration process was performed simultaneously for sub-groups of gauged sub-basins with upstream areas dominated by a specific land-use or soil type. These can be called representative gauged basins (RGBs) and calibration is performed on a group of similar RGBs, trying to isolate key processes and characteristics specific to the single land-use or soil type under calibration. When the calibration for a specific group of RGBs is deemed satisfactory, the parameters for the relevant land-use or soil type can be "locked in" and calibration of parameters specific to another land-use or soil type initiated using another set of RGBs. Calibration was thus made on a multi-basin level for the whole domain, assuming that differences in physiographical characteristics and forcing data were sufficient to account for spatial variability, while model coefficients were kept constant.
Water quality is to a large extent determined by the hydrological processes in soils and in the landscape. The initial steps of the model calibration for the water quality application were therefore focused on soil and catchment hydrology. This included calibration of the parameters controlling the water balance and soil/groundwater discharge. Water
Water parameters in lake-free catchments Water parameters for rivers and lakes N, P parameters Lake-free forested areas N, P parameters for rivers and lakes N, P parameters Lake-free agricultural areas Fig. 3 Step-wise, iterative calibration strategy.
balance was evaluated against measured long-term discharge volumes at 198 SMHI streamflow gauging stations (with a drainage basin ≤2000 km 2 ), which give a good geographic coverage of Sweden. Note that all 198 streamflow stations were used in this first water balance calibration. The evaluation showed that the amount of precipitation in the mountainous area along the border with Norway was underestimated.
Since precipitation was below the recorded discharge in some catchments, this was clearly not a model error, and instead indicates that the precipitation data set has not captured all precipitation at higher altitudes. The precipitation was therefore increased by 10% in sub-basins above 400 m a.s.l. Water balance evaluations also showed that modelled discharge was over-estimated in the southeastern part of Sweden, the driest region in the country. An evaporation correction factor was therefore introduced for this particular region as part of this initial water balance calibration. This indicates that the simple evapotranspiration routine in the HYPE model cannot sufficiently represent the processes driving the spatial variation of evapotranspiration, and has been identified as an area for future improvement of the HYPE model. Soil parameters and evaporation were calibrated from the starting point of recent findings by Rodhe et al. (2012) on differences in field capacity and groundwater recharge based on water balance modelling for 161 monitored small and medium-sized catchments in Sweden. Further analyses of discharge data showed that there are indeed detectable differences between catchments that can be attributed to geological conditions. For instance, thin soils are characterized by quick drainage and low baseflow, whereas coarse soils are characterized by sustained baseflow. Following on from this preliminary assessment, parameters affecting the hydrological response of the different soils, for example runoff recession parameters, field capacity and effective porosity were calibrated simultaneously for each group of RGBs against the observed river hydrographs for these basins. These water parameters were first calibrated for a set of 30 small lake-free catchments with relatively homogenous geological characteristics. Water parameters were set manually with the aim of obtaining a good fit between modelled and observed discharge, but with the constraint that parameters (water holding capacities, porosities, etc.) should be in general agreement with hydrological knowledge and literature values (e.g. Clapp and Hornberger 1978) , in particular the relation between values for different soil types. Special emphasis was put on the behaviour of the modelled groundwater level, since the composition of water from the different soil layers is determined by this level. A realistic fluctuation of the groundwater level is thus a key to successful water quality modelling. The fluxes along the different flow paths were kept within what were thought to be realistic limits. For instance, the contribution from groundwater flow is very large and surface runoff is less important for the case of Swedish till soils (Rodhe 1998) . Another assumption was that fine soils on agricultural land had working tile drainage systems installed. Snowmelt parameters were also calibrated in this step.
Using the set of parameters that was derived from the initial hydrology calibration, parameters controlling N and P processes in soils were calibrated. First, potential plant nutrient uptake was determined by a number of crop and region specific model parameters. These parameters were determined by running the model for each combination of crop group and region and comparing it to statistical data on crop yields. The nutrients in the part of the plant not removed at harvest were returned to the soil.
Secondly, simulated concentrations of N and P fractions were compared to measured time series in various catchments with negligible areas of lake. The sub-set was divided into 32 mainly-forested and 28 agriculturally-dominated sub-basins. As a major objective of the project was to accurately simulate nutrient levels in waterbodies, some flexibility was given to the modellers to alter parameters controlling discharge from soils at the expense of somewhat poorer simulation of discharge. The typical response of coarse soils with regard to nitrogen and phosphorus leaching differs from that of finer-grained soils. Much of the typical pattern seen was already obtained from the calibration of water parameters. For example, leaching of nitrate was higher and showed a smoother temporal variation of the leachate concentration for coarse soils than the corresponding response of fine-grained soils. This can be attributed to the fact that the lower water holding capacity of the well-drained, coarser soils results in corresponding higher water and nitrate percolation rates to deeper soil layers where plant uptake is limited, as well as higher baseflow. For phosphorus, higher concentrations are noted for the finer soils. This is partly a result of the responsive nature of these soils in regard to rainfall/snowmelt events, with the groundwater table more likely to reach the more phosphorus-rich top soil layers. Surface runoff, with corresponding risk of loss of particulate phosphorus through erosion processes, is also more likely for these soils. The hydrological parameters controlling these characteristics of the soil types were fine tuned during this step of the calibration. Moreover, parameters controlling degradation and mineralization rates in the soil and the exchange of nutrients between liquid and solid phases in the soil were also calibrated. Soil specific parameters that determine how prone soils are to erosion were also tuned. The model performance of the water quality variables was mainly evaluated using visual examination of time series and comparison of seasonal averages between model simulations and observations (Fig. 4) .
Finally, after calibration of the soil parameters, these parameters were "fixed" and parameters controlling nutrient turnover and retention processes in surface waters was calibrated. A set of 28 lakedominated catchments was used in this analysis. Denitrification and sedimentation are the principal nutrient retention processes in watercourses and lakes in the HYPE model, and, hence, the parameters affecting these were focused on during calibration to obtain the right levels of nutrient concentrations. In addition to looking at levels, focus was also put on achieving the dynamics of lake water nutrient concentrations.
National modelling and validation
Once the model had been set up and calibrated, it was run and evaluated for the whole of Sweden. The starting year in the evaluation run was 1985. The first years were treated as a warm-up period. Only the results for the 10-year period 1996-2005 were evaluated because many of the input data refer to conditions during this period. The main criteria used for evaluation of the agreement between computed (c) and observed (o) values were: The NSE (Nash and Sutcliffe 1970 ) is commonly used in hydrological modelling. It measures the efficiency of a model by relating the errors to the variance in the observations. A perfect fit corresponds to NSE =1, whereas a naïve model that uses the mean value results in NSE = 0. The NSE efficiency is usually evaluated over a certain time period (n time steps) for one basin at a time. Here it was also used in a spatial interpretation in which the NSE expression above was evaluated with computed and observed long-term average values (for a set of n basins).
As a measure of a typical fit, median values instead of mean values were used in the analysis, since the median is more robust and less sensitive to outliers (e.g. caused by errors in the input data). In some evaluations the observation sites were divided depending on upstream area into small (<200 km 2 ), medium (200-2000 km 2 ) and large basins (>2000 km 2 ). All evaluations of water quality results herein refer to concentrations (that were not flow-weighted) and not transport of nutrients.
RESULTS AND DISCUSSION
Results showing the spatial distribution of runoff and nutrient concentrations for all of Sweden from the S-HYPE application (Fig. 5) show similar patterns to previous national modelling studies of nutrient transport calculations Ejhed 2002, Brandt et al. 2008) . These were carried out using the TRK concept (Arheimer 2003 , Silgram et al. 2009 ), based on the models HBV-NP (Andersson et al. 2005) , SOILNDB (Johnsson et al. 2002) and ICECREAM (Tattari et al. 2001) . One difference in the set up of S-HYPE compared to the TRK applications of the field-scale SOILNDB and ICECREAM models was that agricultural land was split into more (10) soil classes in the these two models. Another difference is that crop rotations are explicitly modelled in the SOILNDB and ICECREAM. However, the spatial resolution is much higher in S-HYPE and it is less dependent on site-specific calibration, making results in ungauged basins more reliable. Other reasons for developing the S-HYPE application of the HYPE model are that the old concept is difficult to handle, time-consuming and includes different incompatible model concepts that could not easily make use of new knowledge. The first overall evaluation of the model application results are given in this paper, but more careful analyses are planned to follow regarding the accuracy of specific processes.
Spatial and temporal variations
Evaluations of the model's capability to simulate the spatial variations in hydrological variables can be examined by comparing long-term mean values (i.e. the period 1996-2005) from the model with observations (Table 4 and Fig. 6 ). The average discharge at the stations is estimated very well, with an average relative error near 0% as a direct effect of the initial water balance adjustment. As much as 92% of the spatial variation in specific discharge was reproduced by the model, according to the spatial interpretation of NSE (explained above). As a result of the use of a good database of drainage basin area and river network (both obtained from the SVAR database), the degree of variance explained by the modelled discharge was very near 100%. Typical errors in specific discharge were ±10%.
The spatial agreement between observed and simulated long-term mean concentrations of nutrients showed less correlation (Fig. 7) than for discharge. This was expected since water is generally easier to simulate than nutrient concentrations, which are affected by many input data sources and processes, not only physical but also chemical and biological. Note that the mean values are arithmetic means, and not flow-weighted. Typical errors in Tot-N and Tot-P concentrations were ±19% and ±32% respectively. As much as 88% of the spatial variance in Tot-N was explained by the model, whereas the corresponding number for Tot-P was 59%. The model performance is similar for nitrogen in terms of the relative errors of summer and winter long-term mean concentrations Table 4 Some numerical performance criteria indicating the spatial agreement between modelled and observed long-term mean values of discharge, specific discharge, total nitrogen concentration and total phosphorus concentration. for all stations (Fig. 8) . For phosphorus, the errors of the summer concentrations show a bigger spread than for the winter concentrations. Point sources will contribute more to the total nutrient load during summer months when the natural flow generally is lower than during winter. This means that a relatively small error in flow simulations will affect the dilution factor, and hence the concentration, greatly. Mapping of relative errors did not show any clear regional pattern of uncertainties (Fig. 9) regarding long-term means of total discharge, total N or total P concentrations. Hence, the simulation performance is likely on the same level for the whole country for mean values. Figure 10 shows typical agreements between computed and recorded daily results for selected variables. A typical agreement is defined here as the median NSE calculated for daily values. The results in Fig. 10 come from different locations within the model domain, and are based on a set of data that contains both unregulated and regulated basins. The best fits that were obtained (not shown) were very good, with a maximum NSE = 0.92. The S-HYPE model application is thus capable of giving good results also regarding dynamics, which increases the confidence in the model structure itself.
A number of small-scale issues arise as a result of the high spatial resolution of the S-HYPE application. Some examples are the difficulties in resolving smallscale information such as: (1) water pathways (e.g. bifurcations, tunnels at hydropower stations), (2) relative locations between point sources and water quality sampling points, and (3) agricultural management, timing of sowing, harvesting, application of manure, small-scale crop distribution, etc. Some of the errors in the model results are thus not primarily due to the model itself, but rather to difficulties in collecting adequate input data at such high spatial resolution. Nevertheless, the model itself is also an incomplete description of a very complex reality, so perfect results could never be expected, even with the best possible input data. Regulated (148) Large (20) Intermediate (77) Small (71) Large (76) Intermediate (61) Small ( In general, the best results in terms of higher NSE were obtained in large, unregulated basins (Figs 11 and 12) . Most of the large river basins in Sweden are affected by regulation. Since the purpose of regulation is a redistribution of discharge between seasons, it only affects the timing (measured by NSE) and not the volume (measured by RE). At the outlets of the 21 large, partly-regulated basins that drain to the sea, the median NSE was 0.65, whereas the corresponding number for the five unregulated river basins that drain to the sea was 0.87. In small basins, the NSE was still typically above 0.6, showing that the results were in general useful, even at the WFD scale. The errors in daily values, however, were considerable in some small basins, and in some basins with a high degree of regulation. Figure 13 shows examples of simulated and observed discharge from some basins with different characteristics. The model was clearly capable of predicting the different characteristics of the basins, even though it was not calibrated directly using these data.
The NSE values were generally avoided in the interpretation of daily nutrient concentration values. The NSE is difficult to use in this context, since the errors are compared to the variance in the observations (which in some cases can be very low). Table 5 shows that the levels of N and P were quite accurate, but that the variation of total P was too small. The exaggerated attenuation of the phosphorus, and to some extent nitrogen concentration signals is probably caused by an over-simplification of lakes, which have no horizontal or vertical stratification in the model. The correlation coefficients for nitrogen were often acceptable, in particular for inorganic N. The model was thus more successful in simulating inorganic nitrogen than organic nitrogen. It remains very difficult to model day-to-day variations in phosphorus. The difficulties in describing the day-to-day variations in nutrient concentrations is not surprising given the difficulties in describing the timing of agricultural measures, etc., as discussed above. A further difficulty is that concentrations are measured from grab samples, which may not be representative for a whole day, whereas the model simulates daily means. Figure 14 shows that the nitrogen simulations were quite successful for large river basins in southern Sweden. This is where most of the agricultural areas in Sweden are located, and much of the nutrient load to the sea stems from. The nitrogen simulations in northern Sweden, with a higher fraction of organic nitrogen, were in general less successful. Figure 15 shows typical errors for different spatial and temporal scales. Typical errors are here defined as the median of mean absolute values of the relative errors (relative to the long-term mean). It is clear that the typical errors in daily values are larger than the errors in long-term mean. For instance, even though the volume errors are quite small, errors in individual days can be quite large. Errors are typically larger in small basins, than in large basins. 
Achievements, challenges and usefulness
The set-up of the HYPE model for Sweden resulted in a consistent, comprehensive water quality model and compilation of a great wealth of data that has not been compiled in this unified manner before. At the start of the model development it was not known whether it would be possible to handle the number of calculations required by a water quality model at this resolution in a practical way. Although simulations with full water quality can take many hours, all calculations in this paper were made on standard desktop Windows PCs. Hydrological and hydrochemical simulations can readily be performed for all of Sweden, and the possibilities for further studies are very promising. The HYPE model is perhaps not a better model than other similar models, but its usefulness and implementation in an operational environment are major advantages for the SMHI. The ability for the modellers to work with a familiar computer code and modify the model according to arising needs are also important advantages. The S-HYPE model is being implemented in the operational infrastructure of the SMHI, and simulations are carried out every day to give real-time estimates of the modelled variables. It is also adapted to form a part of HOME WATER, a web-based graphical user interface for environmental assessments on land and in the sea. Probably fundamental to the successful setting up of S-HYPE was the implementation of the strategy to follow the way water and nutrients move through the landscape in a sequential manner during the calibration process. By fixing model coefficients and parameters where data for a specific process or segment of processes were available, the equifinality of the final model output was reduced. Previously, step-wise calibration for water and nutrient modelling in Sweden has been applied for separate hydrological compartments (e.g. Arheimer and Brandt 1998), or for co-calibration with nutrient concentrations (Pettersson et al. 2001 ) on a river-basin level. However, this was the first time that simultaneous calibration was made for the whole country using a homogenous set of parameter values for the 450 000 km 2 domain. This was possible due, first, to careful evaluation of the water balance and river network with some basic adjustments, and secondly, to the linkage of parameters to physiographic variables in the HYPE model concept (Lindström et al. 2010) . The promising results from this study may have resulted in more certain model parameters on larger scales. This has to be further explored in future model experiments. The research on linking physiographic variables to hydrological features based on observed data will be continued to further improve model behaviour.
Large improvements can probably also be made through better input data, especially regarding the nutrient part of the model. For instance, initial values of soil storages that may have turnover times of several decades should be explored more carefully and better consideration should be given to the spatial variability of these storage levels. This is especially important when using the model for changed conditions, as it may impact on the time taken to reach new steady states after implementation of measures or changes in climate. Moreover, some input data to the model that were assumed fixed in time may actually differ between years, e.g. land use, nutrient emissions and agricultural practices. Attempts are currently ongoing to gather annual information for such variables for the HYPE model, e.g. from satellite data. This would probably increase the model's skills in predicting temporal variability of nutrient concentrations.
The model evaluation shows that the results are useful for predictions in ungauged basins. Since the fraction of stations used in the calibration was small, the quality that might be expected for prediction in an arbitrarily chosen basin should be reflected by the results presented. Thus, S-HYPE is a promising tool for delivery of water and water quality information in Sweden to complement monitoring programmes. It should be noted, however, that whereas the model predictions in general follow the seasonal pattern with regard to nitrogen concentrations, phosphorus concentrations are only convincing in regard to average levels. Nevertheless, the long-term mean values may still be useful as long-term means are most important for the WFD when it comes to characterization of water status, pressures and establishment of environmental goals. Given the robustness of the model predictions in ungauged basins, the model may also be used in the development of monitoring strategies and programmes of measures, but cautions should be taken when it comes to detailed measure planning especially at the field or small-scale landscape level. Dynamic models are being used to explore the impact of measure programmes (Arheimer et al. 2005a) and also the impact of climate change (Arheimer et al. 2005b, Rosberg and Arheimer 2007) . Nevertheless, it is very important to first carefully validate internal variables and explicit process descriptions, or perform sensitivity analysis and ensemble modelling before relying too much on such scenario results, especially as equifinality may lead to wrong conclusions about the system's behaviour in scenario analyses. The next step in S-HYPE evaluation will therefore include a sensitivity analysis on the process level. So far, the model can be helpful for water authorities when judging water status and reporting for the EU Water Framework Directive.
It is not evident that the model is easily transferrable to other regions. Sweden has post-glacial hydrological conditions with rather thin soils and many lakes, and a temperate climate with relatively even distribution of precipitation and low evapotranspiration. More event-based climates are more difficult to capture in model forcing data and the lakes dampen the hydrographs. At present the model is being developed with aquifer linkage and highresolution precipitation patterns and a time step of one hour.
CONCLUSIONS
The results show that it was possible to deliver meaningful results in ungauged basins at the national scale using a single calibrated model. The following general conclusions were drawn: -For data-sparse regions, a combination of stepwise calibration and model parameters coupled to physiography using representative gauged basins is shown to be a useful method for large-scale, high-resolution, modelling of water and nutrients. The established parameters were in most cases transferable to ungauged sites and, due to the link to soil type and land-use scale, are independent; they should therefore be valid for new sub-basin delineations. -Water discharge simulations were mostly successful, both concerning reproduction of both observed volumes and daily variations. For nutrient concentrations, the spatial variation of longterm mean values was generally good. The model also had considerable skill in describing nitrogen variance. Resolving the temporal variation of phosphorus, however, remains a challenge. In general, the prediction skill increases with basin size and degree of regulation. -The results increase confidence in the validity of the HYPE model concepts, although there are details that need to be refined. Thus, the S-HYPE model application delivers valuable information to water authorities for ungauged basins, especially for daily water discharge and average nutrient concentrations in surface water.
